Abstract A set of different integrative expression vectors for the intracellular production of recombinant proteins with or without affinity tag in Aspergillus niger was developed. Target genes can be expressed under the control of the highly efficient, constitutive pkiA promoter or the novel sucroseinducible promoter of the β-fructofuranosidase (sucA) gene of A. niger in the presence or absence of alternative carbon sources. All expression plasmids contain an identical multiple cloning sequence that allows parallel construction of N-or C-terminally His 6 -and StrepII-tagged versions of the target proteins. Production of two heterologous model proteins, the green fluorescence protein and the Thermobifida fusca hydrolase, proved the functionality of the vector system. Efficient production and easy detection of the target proteins as well as their fast purification by a one-step affinity chromatography, using the His 6 -or StrepII-tag sequence, was demonstrated.
Introduction
Aspergillus niger has many applications in various biotechnical and industrial processes, such as the production of organic acids (e.g., citric acid and gluconic acid). In addition, a large variety of complex enzymes and recombinant proteins have been successfully produced by A. niger, proficient to perform eukaryotic posttranslational modifications, i.e., glycosylation and proteolytic processing. Among them are the phytase (Shah et al. 2009 ), the xylanase (Bakri et al. 2008) , the glycosylated fructofuranosidase SucA (Zuccaro et al. 2008) , the laccase from Trametes versicolor (Bohlin et al. 2006) , the tissue plasminogen activator (Wiebe et al. 2001) , humanized antibodies (Ward et al. 2004) , human lymphotoxin α (Krasevec et al. 2000) , and the glycosylated α1-proteinase (Chill et al. 2009; Karnaukhova et al. 2007) to name a few and to emphasize the enormous potential of this organism. Products of A. niger are generally regarded as safe (GRAS status) and are used as food additives, bread improver, and therapeutic substances.
Although A. niger has long been exploited commercially for metabolite production, high-level synthesis of most heterologous proteins was very difficult. However, in recent years, protease-deficient strains, transformation strategies, and crucial genetic tools have been developed to enhance recombinant expression of specific proteins by A. niger. Some integrative and autonomously replicating vector systems for A. niger with selective markers have been established to clone and express heterologous genes (Punt and van den Hondel 1992; Storms et al. 2005; Verdoes et al. 1994 ). An expression system that has been exploited for the production of most recombinant proteins in A. niger utilizes the maltose-inducible promoter of the glaA gene encoding the highly expressed and efficiently secreted enzyme glycoamylase (Fowler et al. 1990 ).
Nevertheless, the development of strains suitable for highlevel protein production is still limited by the low number of different inducible expression vectors in comparison to other fungal model systems, such as Saccharomyces cerevisiae and Pichia pastoris. The most frequently used P glaA promoter is slightly expressed even under noninducing conditions (Davies 1994 ) and thus might not be suitable for the production of recombinant proteins that are deleterious or toxic for A. niger. Furthermore, no plasmid system is yet available for A. niger, which can be used for overexpression of proteins tagged with small ligand-binding peptides to allow easy detection and efficient purification of the recombinant products. Polyhistidine (His-tag)-and streptavidin (StrepII-tag)-binding peptides are commonly used as they generally have no influence on protein function and offer high yields of purified proteins at moderate costs (Lichty et al. 2005) . In this work, we constructed a set of integrative plasmid vectors that can be used for constitutive and inducible expression of tagged and untagged recombinant proteins in A. niger. The new expression vectors were successfully tested with two different heterologous model proteins, the green fluorescence protein variant S65TGFP with an increased fluorescence and a faster auto-oxidative fluorophore formation Ganzlin and Rinas 2008; Heim et al. 1995) and the extracellular hydrolase from Thermobifida fusca (TFH; Dresler et al. 2006 ).
Materials and methods
Strains, media, and culture conditions Amplification of plasmids was routinely performed in Escherichia coli strains Top10, DH10B, and ER2925 listed in Table 1 . The protease-deficient (prt) A. niger strain AB1.13 prt-13 (Mattern et al. 1992) , used to test the expression system, is an ultraviolet (UV)-irradiated derivative of AB4.1 (van Hartingsveldt et al. 1987 ), a cspA1 pyrG1 derivative of strain ATTC 9029 (Bos et al. 1988) .
Mycelia were routinely grown from conidia in a modified minimal medium (Pontecorvo et al. 1953 ) including 11 mM KH 2 PO 4 , 100 mM of the appropriate carbon source, and 1 ml l −1 trace element solution (Vishniac and Santer 1957) .
Uridine of 10 mM was added for the cultivation of the pyrGdeficient A. niger strain AB1.13. Routinely, 30 ml of culture medium was inoculated with 3×10 7 conidia and grown at 37°C under aeration (140 rpm).
DNA manipulation for vector constructions
Standard DNA manipulations, plasmid DNA isolation, and transformation in E. coli were performed as described (Sambrook and Russell 2001) .
Plasmids and primers used for DNA sequencing and vector construction in this study are listed in Table 1 and  Table S1 . The basic integrative vector ANIp8 for intracellular production of recombinant proteins in A. niger was derived from vector ANEp8 (Storms et al. 2005) . First, the AMA1 sequence supporting autonomous replication was removed from ANEp8 by NotI digest and religation. Oligonucleotides MCS-NcoI-for and MCS-NcoI-rev including the multiple cloning site (MCS1) were annealed, and the generated DNA fragment was inserted into the NheI/ FseI sites of ANIp8 to generate pARAn8 (P pkiA -MCS1). The AatII-NheI fragment harboring the pkiA promoter was exchanged against a polymerase chain reaction (PCR)-generated fragment amplified with primers P sucA -AatII and P sucA -NheI for the construction of pARAn1 (P sucA -MCS1) including the inducible A. niger sucA promoter.
Based on the vector sequence of ANIp8, two oligonucleotides new-MCS-for and new-MCS-rev with eight unique restriction sites (MCS2) were designed, annealed, and cloned into the NheI/FseI site of pARAn8 and pARAn1 to generate vectors pARAn9 (P pkiA -MCS2) and pARAn11 (P sucA -MCS2). The gfp expression vector was constructed by insertion of a PCR-generated fragment, amplified from pAN56-2gfp (Gordon et al. 2000) with primers PCR-gfpAflII-for and PCR-gfp-ClaI-rev into the AflII/ClaI sites of pARAn1 and pARAn8 to generate pARAn101 (P sucA -gfp) and pARAn801 (P pkiA -gfp). Introduced sequences of all plasmids were verified by sequencing (GATC, Germany) using the sequencing primers seq-P sucA -for or seq-P pkiA -F and seq-ANIp8-MCS-rev listed in Table S1 .
Construction of His 6 -tagged expression vectors
The His 6 -tag sequence was adapted to the codon usage of A. niger by using the software JCat (Grote et al. 2005) . Fragments, encoding a C-terminally His 6 -tagged GFP variant, were produced by PCR with primers gfp-BssHIIEcoRI-for and gfp-EcoRI-H-FseI-rev and inserted into the BssHII/FseI sites of pARAn9 and pARAn11 generating pARAn18 (P pkiA -gfp-His 6 ) and pARAn17 (P sucA -gfp-His 6 ). C-terminally His 6 -tagged constructs of the tfh gene generated from vector pYYBm2 (Yang et al. 2007 ) with primers tfh-BssHII-EcoRI-for and tfh-EcoRI-His-FseI-rev were introduced into the BssHII/FseI sites of pARAn9 and pARAn11 resulting in pARAn15 (P pkiA -tfh-His 6 ) and pARAn16 (P sucAtfh-His 6 ). For the construction of the basal C-terminal, His-tag vectors, the EcoRI fragment, encoding the TFH, was removed from pARAn15 and pARAn16 and religated to generate pARAn19 (P pkiA -MCS2-His 6 ) and pARAn20 (P sucA -MCS2-His 6 ).
The N-terminal His 6 -tag tfh constructs were amplified with primers tfh-ClaI-AgeI-His-for and tfh-BsrGI-AgeI-rev and inserted into the ClaI/BsrGI sites of pARAn9 and pARAn11 generating pARAn27 (P pkiA -His 6 -tfh) and pARAn29 (P sucA -His 6 -tfh). For the construction of the basal N-terminal His-tag vectors, the AgeI fragment encoding the tfh gene was deleted from pARAn27 and pARAn29 and religated to generate pARAn31 (P pkiA -His 6 -MCS2) and pARAn32 (P sucA -His 6 -MCS2).
Construction of expression vectors for StrepII-tagged proteins
For the production of proteins harboring a StrepII-tag with the amino acid sequence WSHPQFEK, we used oligonucleotides that encode C-(C-Strep-for, C-Strep-rev) or N-terminal tags (N-Strep-for, N-Strep-rev). The StrepII-tag sequences were also optimized according to the codon usage of A. niger (Grote et al. 2005 ). The C-terminal StrepII oligonucleotides were annealed and inserted into the EcoRI/FseI sites of pARAn11, which resulted in the generation of pARAn33 (P sucA -MCS2-StrepII). Vector pARAn36 (P pkiA -MCS2-StrepII) was constructed by substitution of the AatII/NheI fragment in pARAn33 containing P sucA against the AatII/ NheI fragment including P pkiA of pARAn9. Similarly, N-terminal StrepII oligonucleotides were annealed and inserted into the ClaI/AgeI sites of pARAn11 resulting in pARAn34 (P sucA -StrepII-MCS2). For the construction of pARAn37 (P pkiA -StrepII-MCS2), the AatII/NheI fragment of pARAn34 was exchanged against the P pkiA containing AatII/NheI fragment of pARAn9. To test the expression of N-or C-terminally StrepII-tagged proteins, the gfp gene was amplified with primers gfp-ClaI-H-AgeI-for and gfp-FseI-rev and inserted into the AgeI/FseI sites of pARAn33 to generate pARAn47 (P sucA -gfp-StrepII). In order to introduce the gfp gene into the AgeI/EcoRI sites of pARAn36, it was amplified with the primers gfp-ClaI-HAgeI-for and gfp-EcoRI-H-FseI-rev, and the resulting plasmid was named pARAn60 (P pkiA -gfp-StrepII). An EcoRI-fragment harboring the tfh gene was isolated from pARAn16 and inserted into the EcoRI site of pARAn36 to generate pARAn63 (P pkiA -tfh-StrepII).
An additional set of gfp expression vectors was constructed in which a stop codon was introduced downstream of the EcoRI site following the gfp coding sequence. To do so, the gfp gene was amplified by PCR using the primers gfpBssHII-EcoRI-for and gfp-EcoRI-Stop-FseI-rev and cloned into the BssHII/FseI sites of pARAn9, pARAn11, pARAn31, pARAn32, pARAn34, and pARAn37, which resulted in the vectors pARAn49 (P pkiA -gfp-stop), pARAn54 (P sucA -gfpstop), pARAn53 (P pkiA -His 6 -gfp-stop), pARAn55 (P sucAHis 6 -gfp-stop), pARAn56 (P sucA -StrepII-gfp-stop), and pARAn50 (P pkiA -StrepII-gfp-stop). Subsequently, the gfp coding sequence was removed by digestion of flanking EcoRI sites, and the following vectors were generated by religation: pARAn51 (P pkiA -MCS2-stop), pARAn58 (P sucA -MCS2-stop), pARAn57 (P pkiA -His 6 -MCS2-stop), pARAn59 (P sucA -His 6 -MCS2-stop), pARAn61 (P sucA -StrepII-MCS2-stop), and pARAn52 (P pkiA -StrepII-MCS2-stop). The complete nucleotide sequences of the basal expression vectors pARAn51 (P pkiA -MCS-stop) and pARAn58 (P sucA -MCS-stop) were submitted to the NCBI GenBank database (pARAn51: Acc. No. FJ868796, pARAn58: Acc. No. FJ868795).
Transformation of A. niger
Preparation of protoplasts and transformation of A. niger was performed as previously described (Punt and van den Hondel 1992) with the exception that 20 mg/ml lysing enzyme from Trichoderma harzianum (Sigma-Aldrich, Munich, Germany) and 2.5 mg/ml of Driselase from Basidomycetes sp. (SigmaAldrich, Munich, Germany) were used for protoplastation. Uracil auxotrophy was used for selection, and transformed protoplasts were plated onto minimal medium plates including 1.2% (w/v) agar and 1.2 M sorbitol using agar overlays of minimal medium with 0.6% (w/v) agar and 1.2 M sorbitol. Colonies were grown at 37°C for 3-4 days and purified three times on minimal medium plates.
Analysis of recombinant protein production
To determine the intracellular amount of recombinant proteins, A. niger strain ARAn101 was grown under standard conditions for 70 h with 100 mM of the different carbon sources. For the time course of gfp expression, strain ARAn101 was grown for 48 h before induction with 25 mM sucrose. The biomass was separated from the medium by filtration (Whatman, Dassel, Germany; cellulose filters 2.5 µm). Approximately 200 mg wet weight (WW) were given to a Matrix E-beat beater tube (MP Biomedicals, Eschwege, Germany) with 1 ml fluorescence buffer (200 mM NaCl, 50 mM Na 2 HPO 4 , 10 mM Tris-HCl pH 8) and treated three times for 45 s with 6 ms −1 in the beat beater FastPrep®-24 (MP Biomedicals, Eschwege, Germany). GFP was visualized by Western blotting with a rabbit anti-GFP antibody (Acris, Herford, Germany) and a goat antirabbit IgG antibody conjugated with alkaline phosphatase (Sigma). Strep-tagged proteins were detected by a mouse antibody conjugated with alkaline phosphatase directed against the StrepII-tag (Strep-Tactin®, IBA GmbH, Göttingen, Germany). His 6 -tagged proteins were visualized with a monoclonal mouse antibody against the His 6 -tag (Qiagen, Hilden, Germany) and a goat antimouse IgG antibody conjugated with alkaline phosphatase (Sigma-Aldrich, Munich, Germany) was used as secondary antibody. ) of the cultures was determined (a), and immunoblots were performed with whole cell extracts of ARAn101 (b) and AB1.13 (c) using antibodies directed against GFP. The fluorescence data represent the average ± SD of at least three different experiments each done in duplicate Fig. 2 P sucA -mediated GFP expression in A. niger. A. niger strain ARAn101 (P sucA -gfp) was cultivated for 48 h at standard conditions with 100 mM glucose in liquid minimal medium prior to induction with 100 mM sucrose. Samples were taken 0.5, 1, 2, 3, 4, and 24 h after induction of gene expression. Intracellular GFP production was visualized at two different exposure times (upper panels: phase contrast; lower panels: fluorescence emission at 512 nm) Detection of the GFP and the hydrolase from T. fusca GFP expressed in A. niger was visualized with a fluorescence microscope (Axiovert II with Axiocam HR, Zeiss, Göttingen, Germany) using the Axiovision program (Zeiss, Germany). For quantification of the fluorescence, biomass of the GFP-expressing A. niger cultures was separated from the medium by filtration. Two hundred milligrams of the pellet was used to prepare cell extracts, and the remaining mycelia were dried for 3 days at 60°C to determine the dry weight. Production of GFP was quantified in the cell-free extracts via fluorescence measurements (Luminescence Spectrometer LS50B, Perkin Elmer, Salem, USA). The fluorescence emission maximum of GFP was detected at 512 nm with an excitation at 475 nm, and the activity is given as specific fluorescence (intensity of fluorescence (INT) µg protein
−1
). The TFH activity was determined with p-nitrophenylpalmitate as substrate as described (Dresler et al. 2006 ).
Purification of affinity-tagged reporter proteins
For purification of His 6 -tagged proteins, approximately 200 mg WW of the overexpressing, recombinant A. niger strain was resuspended in 1 ml fluorescence buffer (see above) with 10 mM imidazole and disrupted as described previously. Subsequently, the soluble fraction of the extract was loaded onto Ni-NTA spin columns (Qiagen) and the His-tagged proteins were purified as described by the manufacturer. StrepII-tagged proteins were also purified from 200 mg WW, resuspended in 1 ml of buffer W (IBA GmbH, Göttingen, Germany) with the Strep-tag Starter Kit (IBA GmbH, Göttingen, Germany) following the instructions of the manufacturer.
Southern blot analysis of recombinant A. niger strains Recombinant A. niger strains were grown under standard conditions. Cells were harvested by filtration and dried and 100 mg of mycelia were ground to powder in a liquid nitrogen-cooled mortar. Chromosomal DNA was prepared as described by Lee et al. 1988 . For Southern blot analysis, genomic DNA was digested by XhoI followed by electrophoresis, transfer onto a positively charged membrane (Roche, Basel) in 20x SSC and UV cross-linkage. Blots were probed with a Dig-labeled fragment encoding the recombinant gene of the expression plasmids. Prehybridization, hybridization to DIG-labeled riboprobes, and membrane washing were conducted using the DIG luminescent Detection kit (Roche) according to the manufacturer's instructions. gfp and tfh encoding fragments were detected with a DIGlabeled PCR fragment (DIG-PCR nucleotide mix, Roche) amplified with primer pairs gfp-FseI-rev/gfp-ClaI-for and tfhBsrGI-AgeI-rev/tfh-ClaI-for (Table S1 ), respectively.
RNA isolation and Northern detection
To compare and analyze the time course of gfp transcription, the recombinant A. niger strains were grown under standard conditions with 100 mM glucose as carbon source. Cultures were induced with 25 mM sucrose after 48 h and samples were taken at different time points after induction. Cells of the samples were harvested by filtration and dried and 100 mg of mycelia were ground Fig. 3 P sucA -driven GFP expression after induction with sucrose. A. niger strain ARAn101 (P sucA ::gfp) was cultivated for 48 h in liquid minimal medium under standard conditions with 100 mM glucose prior to the induction with 25 mM sucrose. After induction, samples were taken at indicated time points and whole cell extracts as well as total RNA were prepared. Produced GFP in the cell extracts was visualized by immunoblotting using an antibody directed against GFP (a) or was determined via its fluorescence by spectroscopical analysis and is given as specific fluorescence (INT µg protein −1 ; b). The fluorescence data represent the average ± SD from at least three different experiments each done in duplicate. c Total RNA of the samples were separated, and Northern analysis was performed with a gfp-specific probe. The sizes of the RNA marker are indicated on the left, and the 18S rRNA of the loaded sample are shown below. d Thin-layer chromatography was performed with culture supernatants. The carbohydrates were separated with the solvent system ethylacetate/isopropanol/water 60:30:10 (v/v/v) at room temperature and visualized as dark spots as described in Material and methods. The sugars were visualized. The marker contained 1 g/l fructose, glucose, sucrose, kestose, and nystose to powder in a liquid nitrogen-cooled mortar. Total RNA was isolated using the NucleoSpin® RNA Plant (Machery and Nagel, Düren, Germany) as described by the manufacturer. RNA concentration and quality were determined by measurement of A 260 and A 280 . Total cellular RNA (10 µg) was separated on formaldehyde agarose gels (1%), transferred overnight onto positively charged membranes (Roche, Mannheim, Germany) in 20x SSC, and UV crosslinked. Prehybridization, hybridization to DIG-labeled riboprobes, and membrane washing were conducted using the DIG luminescent Detection kit (Roche) according to the manufacturer's instructions. gfp transcripts were detected with a DIG-labeled PCR fragment (DIG-PCR nucleotide mix, Roche, Mannheim, Germany) applified with primer pair gfp-ClaI-for and gfp-FseI-rev (Table S1 ), respectively.
Thin-layer chromatography
Thin-layer chromatography (TLC) analysis was done with 3 µl 1:3 diluted culture broth (TLC, aluminum sheets 20S 20 cm, silica gel 60 F254 with concentrating zone 20S 2.5 cm; Merck, Germany). The carbohydrates were separated by three ascents in the solvent system ethylacetate/ isopropanol/water 60:30:10 (v/v/v) at room temperature. Spots were visualized by dipping the plates into the detecting reagent consisting of 0.3% (w/v) N-(1-naphthyl)-ethylenediamine (Sigma-Aldrich, Munich, Germany) and 5% (v/v) concentrated sulfuric acid in methanol with the aid of a CAMAG Chromatogram Immersion Device III (Merck, Darmstadt, Germany) followed by heating in an oven at 120°C for 10 min. The sugars were visualized as dark spots. The marker contained 1 g/l fructose, glucose, sucrose, kestose, and nystose.
Results

Identification and characterisation of the sucA promoter
For recombinant gene expression in A. niger, only very few well-characterized promoters are available. To broaden the spectrum of inducible expression systems, we wanted to establish an alternative promoter system. Previous work, analyzing the expression and secretion of the endogenous β-fructofuranosidase (SucA) of the A. niger strain AB1.13 indicated that this enzyme is strongly secreted in the presence of sucrose (Boddy et al. 1993; Zuccaro et al. 2008) . To test whether the sucA promoter is suitable for an inducible expression system in A. niger, a 1.2-kb segment including the regulatory region of the sucA gene, was cloned into an integrative plasmid upstream of the reporter gene gfp of the jellyfish Aequorea victoria (Shimomura et al. 1962 ). The generated plasmid pARAn101 (P sucA ::gfp) was introduced into the A. niger strain AB1.13, and P sucA -driven gfp expression of the pyrG + A. niger transformants was tested in the presence of different carbon sources: maltose, sucrose, xylose, fructose, and glucose (100 mM). The spectrometrical analysis of the negative control strains, wild-type strain AB1.13, and ARAn11 revealed very weak background fluorescence (Fig. 1, data not shown) . A similar low fluorescence was also obtained with strain ARAn101 carrying the integrated P sucA ::gfp plasmid when the fungus was grown with 100 mM maltose, xylose, fructose, or glucose as single carbon source (Fig. 1a) . In contrast, a strong induction of gfp expression was found when A. niger strain ARAn101 was grown with sucrose (Fig. 1a) . In agreement with this observation, high levels of GFP were only detected on immunoblots of whole cell extracts of ARAn101, when the fungus was cultivated with sucrose. No   Fig. 4 The vector pARAn58 used the novel sucrose-inducible promoter of the A. niger sucA gene (P sucA ), and plasmid pARAn51 carries the constitutive pkiA promoter (P pkiA ). Both vectors have identical multiple cloning sites including a stop codon between the EcoRI and FseI sites followed by the terminator of the glucoamylase gene glaA (T gla ). The ColE1 ori sequence and the ampicillin resistance gene (bla) are used for the maintenance and replication in E. coli. The pyrG gene is required as selection marker for genomeintegrated plasmids in A. niger GFP was detectable when glucose, maltose, or xylose were used as carbon source, and only low amounts of GFP were visible in the presence of fructose (Fig. 1b) . These results supported our previous assumption that the sucA promoter is suitable for a new controllable A. niger expression system. Analysis of the sucrose-driven expression of the sucA promoter To further characterize the sucrose-inducible intracellular production of heterologous GFP in A. niger, we analyzed the efficiency of the sucA promoter at different growth temperatures (25°C, 30°C, 37°C, and 42°C) at different pH values of the growth medium (2.5, 4.0, 5.5, and 7.0) and different degree of aeration (100, 140, 180, and 220 rpm). Maximal GFP expression under the control of the sucA promoter was found when the recombinant fungus was cultivated at 37°C, 180 rpm at a medium pH of 5.5 (data not shown).
We also used the A. niger strain ARAn101 (P sucA ::gfp) to test whether sucrose-mediated expression of the sucA promoter is repressed in the presence of glucose, e.g., when sucrose is added as an inducer after cells were grown on glucose. Fortunately, no reduction of sucrose-dependent induction was detected in comparison to ARAn101 grown with sucrose as single carbon source, and similar fluorescence levels were measured when both carbon sources were added (Fig. 2) .
Next, we investigated P sucA -driven GFP production over time after induction with 25 mM sucrose. Sucrose was added after 48 h growth in minimal medium under standard expression conditions with 100 mM glucose as single carbon source. GFP expression was visualized with a fluorescence microscope 0.5 to 4 and 24 h after induction (Fig. 2) . The microscopical analysis of ARAn101 (P sucA :: gfp) prior to and 30 min after induction failed to detect fluorescence. In contrast, low levels of GFP were visible 1 h after addition of sucrose, and the amounts of the recombinant model protein increased strongly and continuously throughout the first hours of induction (Fig. 2) .
To confirm and quantify P sucA -driven GFP production by ARAn101, we performed a spectrometrical and an immunoblot analysis. As shown in Fig. 3a , no GFP protein is detectable in whole cell extracts prior to the addition of sucrose, and only a basal level of fluorescence, similar to the AB1.13 A. niger wild-type strain, was determined by the spectrometrical analysis. However, strain ARAn101 started to express GFP during the first hour after induction and accumulated increasing amounts of GFP (Fig. 3a, b) . Fluorescence of the culture and the amount of GFP detected on Western blots was maximal 9 h after induction and decreased when incubated overnight. Quantification of the gfp transcripts by Northern blotting and parallel analysis of the sucrose concentrations in the medium showed that the decrease of GFP activity resulted mainly from downregulation of the sucA promoter due to hydrolysis of the inducer to glucose and fructose (Fig. 3c, d ). We also observed some degradation of GFP in cell extracts of the overnight culture (Fig. 3a) . As proteolysis is significantly reduced in the presence of protease inhibitors (data not shown), it is likely that this proteolysis occurs after cell lysis through extracellular proteases produced during later growth phases. Furthermore, gfp transcripts were not detectable in the presence of glucose in ARAn101 (Fig. 3c ) and other recombinant strains (Fig. S1 ) harboring multiple copies of the vector construct (for details see as follows). In summary, this demonstrated that the sucA Fig. 5 Expression vector set for intracellular production of untagged and tagged proteins in A. niger. The constitutive pkiA promoter (P pkiA ), given in black or the newly identified inducible sucA promoter (P sucA ), given in gray, were introduced upstream of an extended multiple cloning site (MCS2). The MCS2 is followed by a stop codon and the glaA terminator (T gla ). All expression plasmids allow parallel cloning of the genes of interest into the MCS2. a The basal expression vectors driven by P sucA or P pkiA with MCS2 containing eight unique restriction sites. b The vector set with N-terminal His 6 -and StrepIItags. Three restriction sites NheI, AflII, and ClaI are located upstream of the N-terminal tags that allow integration of export sequences to permit protein secretion into the medium. c The vector set with Cterminal His 6 and StrepII tags promoter is tightly controlled and completely repressed in the absence of sucrose, and it is able to mediate fast and efficient production of heterologous recombinant proteins after induction.
Expression vectors for the intracellular production of recombinant fusion proteins with small affinity tags in A. niger A number of integrative expression vectors using the newly identified sucrose-inducible sucA promoter and the highly efficient, constitutively expressed promoter of the pyruvate kinase gene pkiA (de Graaff et al. 1992) were constructed based on ANIp8 (Storms et al. 2005) for the intracellular production and subsequent affinity purification of homologous and heterologous recombinant proteins by A. niger. All vectors contain an antibiotic resistance and a ColE1 ori sequence for the efficient maintenance and amplification in E. coli and carry a pyrG + marker for the selection of chromosomally integrated plasmids in A. niger (Fig. 4) . In order to obtain cloning flexibility and the opportunity to insert additional affinity-tags, protease sites or export sequences, the multiple cloning site was modified and extended to eight unique restriction sites (NheI, AflII, ClaI, AgeI, BsrGI, BssHII, EcoRI, FseI; Figs. 4 and 5a). Codonoptimized sequences for a polyhistidine (His 6 -) affinity tag (Porath et al. 1975 ) and a streptavidin (StrepII-) affinity tag (Schmidt et al. 1996) were cloned into the expression vector for the synthesis of N-terminal (Fig. 5b) or Cterminally (Fig. 5c ) tagged proteins. This vector collection allows cloning of one restriction fragment, encoding the gene of interest, into all different expression vectors and allows parallel testing and selection of the most efficient production and purification system for the desired protein by A. niger.
Production of the His 6 -and StrepII-tagged model proteins in A. niger
To test the production of affinity-tagged recombinant proteins, DNA fragments encoding the model proteins GFP or TFH were cloned in frame into the different expression vectors. After transformation into A. niger protoplasts, strains, harboring a chromosomally integrated copy of the expression plasmid, were isolated, and production of the model proteins were tested by activity assays and western blotting with antibodies directed against the tag sequence or GFP. For this purpose, transformants were grown 48 h in minimal medium under standard expression conditions (37°C, pH 5.5) with 100 mM glucose for pkiA promoter-controlled expression or 100 mM sucrose to induce the protein expression through the sucA promoter. All vectors were tested with either TFH or GFP and led to the production of the recombinant model protein in A. niger (Fig. 6) . However, the amount of model proteins produced by a particular expression system was different between the individual transformants most likely due to multiple insertions and different integration sites in the A. niger genome. In order to gain more information about the number of integrated expression plasmids, we performed Southern blot experiments with chromosomal DNA of all recombinant A. niger strains. As shown in Fig. 7 , one to seven different fragments were detected with a gfp-or tfh- Cell extracts were prepared and analyzed by Western blotting with antibodies directed against StrepII-or the His 6 -tag. The detected protein band of recombinant His 6 -or StrepII-tagged GFP or TFH proteins is given in the boxes. Detection of GFP-fluorescence (>3-fold higher than background) and TFH activity of the different newly constructed A. niger expression strains is also indicated. n. d. not determined specific DNA probe. A band representing the integrated vector was identified in most strains indicating that the expression strains contain tandem repeats of two or more integrated gfp and tfh expression plasmids. Notably, identical GFP fluorescence intensities were detected in expression constructs ARAn17 and ARAn101 with different numbers of integrated vector copies. This indicated that the integration site also has an important influence on the expression of the integrated construct.
Purification of His 6 -tagged model proteins
After detection, we also tested whether recombinant His 6 -tagged protein can be isolated from the cell extract by an easy one-step purification procedure. A. niger strain ARAn18 (P pkiA -gfp-His 6 ), containing a chromosomal insertion of vector pARAn18 that leads to the intracellular production of a C-terminally His 6 -tagged GFP protein, was cultivated under standard conditions. The amount of GFP in the washing and elution fractions with increasing concentrations of imidazole were analyzed spectrophotometrically (Fig. 8a) by SDS-PAGE (Fig. 8b ) and on immunoblots with antibodies directed against GFP (Fig. 8c) or the His 6 -tag (Fig. 8d) . The fluorescence of the column flowthrough was reduced to about 65%, and the amount of bound GFP-His 6 was estimated to be about 17%. Washing with up to 50 mM imidazole eliminated unspecifically bound proteins; only 2% fluorescence remained in the second washing fraction in comparison to the cell extract. The highest amount of GFP was eluted at 100 mM imidazole with a purity of >95% (Fig. 8a-d, lanes E1 ). Approximately, 2 mg GFPHis 6 per gram biomass dry weight were purified. Some partial degradation of GFP-His 6 was seen on immunoblots with anti-GFP but not with anti His 6 -tag antibodies (Fig. 8c,  d ) indicating that degradation occurred from the C-terminal end. Also, the TFH-His 6 protein expressed by A. niger strain ARAn15 (P pkiA -tfh-His 6 ) was isolated by the same procedure. Active enzyme was eluted from the Ni-NTA affinity column at a concentration of 400 mM imidazole with a purity of >95% (data not shown).
StrepII-tagged GFP expressed by ARAn60 (P pkiA -gfpStrepII) and ARAn56 (P sucA -StrepII-gfp) was also successfully purified from 30-ml cultures via a StrepTactin affinity column (2 mg g DW −1
, data not shown). In general, up to 70% Fig. 7 Southern blot analysis of recombinant overexpression strains. chromosomal DNA of recombinant overexpression strain was digested with XhoI, electrophoretically separated, and transferred onto a positively charged membrane. Blots were probed with a Dig-labeled fragment encoding the gfp (a) or the tfh (b) gene of the expression plasmids. XhoI digested chromosomal DNA of the wild-type strain AB1.13, the gfp expression plasmid pARAn101, and the tfh expression plasmid pARAn15 were loaded as negative and positive controls. A molecular weight marker was loaded on the left Fig. 8 Purification of C-terminally His 6 -tagged GFP expressed by the A. niger strain ARAn18 (P pkiA -gfp-His 6 ). ARAn18 was grown 48 h under standard conditions with 100 mM glucose. Subsequently, cell extracts (CE) were prepared and applied onto a Ni-NTA spin column. The flow through (FT), the first washing step with 20 mM imidazole (W1), the second washing step with 50 mM imidazole (W2), and all elution steps with 100 mM (E1), 400 mM (E2), 500 mM (E3), and 600 mM (E4) imidazole were collected. Specific fluorescence (INT µg protein −1 ) of the different samples was determined (a). Furthermore, samples were separated by 12% SDS-PAGE and stained by Coomassie Brilliant Blue (b) or transferred onto an Immobilon membrane and treated with antibodies directed against GFP (c) or the His 6 -tag (d) of the synthesized StrepII-and up to 50% of the His 6 -tagged model proteins were purified using standard protocols independent of whether the recombinant produced low or high amounts of the model proteins. This demonstrated that the tagged model proteins expressed by the new expression vector system in A. niger were easily detectable and could be purified in a one-step procedure in an active form.
Discussion
The limiting number of available vector systems and the increasing demand for molecular and biotechnological tools for protein and metabolite production by the filamentous fungi like A. niger intrigued us to develop new expression vectors. In this work, a set of ten different integrative expression vectors for the intracellular synthesis of recombinant nontagged and affinity-tagged target proteins were constructed and tested with two different heterologous model enzymes. The identical structures of the multiple cloning sites with eight unique restriction sites offer cloning flexibility and allow parallel integration and fusion of the target genes to N-or C-terminal tag sequences. A highly efficient constitutive promoter of the pkiA gene or a novel sucrose-inducible promoter of the endogenous β-fructofuranosidase sucA gene can be used for expression of the target gene. The pkiA promoter is expressed at high levels regardless of the carbon source, which permits high flexibility in the selection of growth conditions for maximal expression of the target protein.
Expression studies with integrative plasmids, in which expression is driven by the inducible sucA promoter, illustrated that maximal production of the model protein GFP was obtained at 37°C and pH 5.5 approximately 9 h after induction with sucrose. Subsequently, the transcription of target gene is downregulated due to hydrolysis of the inducer. We further showed that the sucA promoter is not subject to repression by other carbon sources and can be activated by sucrose even in the presence of glucose. Moreover, sucrose-mediated activation of the promoter remained constant independent of the growth phase (A. Roth, unpublished results) suggesting that high induction levels can be maintained over longer time periods when sucrose concentrations are kept constant in the growth medium. Since the expression of the target genes was completely repressed under noninducing conditions (e.g., in the presence of glucose), but could be strongly induced, leading to a rapid and highly efficient protein production process, the P sucA -driven expression vectors also seem very useful to synthesize heterologous proteins that are somehow unfavorable or deleterious for the fungus.
The expression vectors were used to express enhanced GFP (S65TGFP) or a hydrolase of T. fusca. Both selected heterologous model proteins could be easily detected and purified in a one-step procedure when fused to the N-or Cterminal His 6 or StrepII affinity-tag sequences. However, gene expression by independent transformants of the identical integrative expression plasmid was highly different and varied up to 50-fold. Similar observations have been made with other integrative expression systems and have been attributed to different sites of integration and different copies of the integrated plasmids (Storms et al. 2005; Verdoes et al. 1994) . We further plan to identify the integration sites of the plasmids which led to maximal expression of the model proteins to use these chromosomal loci for the development of specific integrative expression plasmids to ensure high-expression levels of the target proteins. Furthermore, we want to utilize the properties of the sucA promoter in combination with the coding sequence of the exoenzyme gene sucA for the development of expression vectors, which allow efficient secretion of recombinant sucA fusion proteins into the culture medium.
In conclusion, the new expression systems presented in this study offer three noteworthy features: (1) fast and efficient constitutive or inducible production, (2) easy detection, and (3) simple one-step purification of target proteins.
